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Shedding of growth-suppressive gangliosides from glomerular apoptosis in these cells has not yet been determined, but
mesangial cells undergoing apoptosis. several possibilities have been postulated. Some studies
Background. Apoptosis of glomerular mesangial cells is a have implicated apoptosis as the major mechanism medi-common feature in several types of glomerular diseases. How-
ating spontaneous resolution of mesangial hypercellular-ever, its pathophysiologic significance is not known. We re-
ity in experimentally induced mesangial proliferative glo-cently identified gangliosides as a major growth-inhibitory sub-
stance in the conditioned medium of mesangial cells. In this merulonephritis [5, 6], whereas others have suggested
report, we tested whether biologically distinct forms of cell that its inappropriate activation leads to hypocellular
fate, apoptosis and necrosis, could modulate ganglioside shed- scarring, glomerulosclerosis [7, 8]. These data emphasizeding from mesangial cells.
that the outcome of glomerular diseases is most unlikelyMethods. Mesangial cells were exposed to low (10 to 40 mJ/
cm2) and high (400 mJ/cm2) doses of ultraviolet light to induce to be determined solely by the regulation of resident cell
apoptosis and necrosis, respectively. Conditioned media were division. Rather, it appears that a crucial factor is the
collected and examined for its growth-inhibitory activity for balance between cell proliferation and cell death by apo-
mesangial cells. Ganglioside shedding was analyzed using meta-
ptosis [9].bolic labeling and thin-layer chromatography (TLC).
Accumulating data indicate that there are likely toResults. Shedding of gangliosides as well as growth-inhibi-
tory activity in the conditioned medium predominantly increased be many counterbalancing influences on whether cells
when mesangial cells were undergoing apoptosis in contrast to divide or die. For example, many potent regulators of
that of viable or necrotic mesangial cells. The inhibitory sub- mitogenesis, cytokines, peptide growth factors [10], andstance in the conditioned medium from apoptotic mesangial
extracellular matrices [11], also alter susceptibility tocells completely fulfilled the characteristic criteria of ganglio-
sides. This substance was less than 3 kD and was sensitive to apoptotic stimuli in mesangial cells. In addition, it has
neuraminidase digestion. Shedding of gangliosides from mes- been suggested in other cells that apoptosis is controlled
angial cells reduced significantly when apoptosis was inhibited by certain growth-related signal transducers [12, 13] and
by overexpression of antiapoptotic gene, Bcl-XL. In addition,
cell-cycle molecules [14, 15]. However, besides intenseganglioside shedding also increased when mesangial cells were
effort for mechanisms involved in the regulation of pro-exposed to other inducers of apoptosis for mesangial cells (i.e.,
H2O2 and staurosporin). liferation and apoptosis, it is largely unknown how these
Conclusion. These results provide the novel link between different processes are coordinated during restoration
masangial cell apoptosis and increased release of gangliosides of injured tissues, including inflamed glomeruli.that potentially suppress mesangial cell proliferation and thus
Gangliosides are neuraminic acid–containing glyco-indicate a mechanism for the negative regulation of mesangial
cell growth by apoptosis. sphingolipids that are constituents of the plasma mem-
branes of various cells [16]. These molecules are syn-
thesized by a stepwise addition of sugar residues to the
In the renal glomerulus, apoptosis of resident mesan- glycan side chain of ceramide backbone by specific en-
gial cells is observed in several types of human glomeru- zymes [16]. Gangliosides are often shed from the cell mem-
lar diseases [1–4]. The pathophysiologic significance of brane into the extracellular microenvironment and play
important biologic roles in certain pathologic situations.
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tory activity for mesangial cells. We identified ganglio- tech). Stable transfectants were selected in the presence
of the neomycin analog G418 (0.5 mg/mL). Conditionedsides as a major inhibitory substance in this conditioned
medium, suggesting that mesangial cells constitutively medium of the G418-resistant cells were used as sources
of the Bcl–XL retrovirus. In the presence of 10 g/mLshed these substances [21]. Thus, gangliosides are good
candidate molecules that regulate mesangial cell re- polybrene, mesangial cells were exposed to retrovirus.
Stable infectants were selected in the presence of G418sponses in glomerular diseases. To date, however, be-
sides a series of indications of the biologic importance (0.5mg/mL). As a control, mock-transfected mesangial
cells that express neo alone were used.of ganglioside shedding, little is known how the shedding
of gangliosides is controlled.
Induction and evaluation of cell deathIn this report, we tested whether biologically distinct
forms of cell fate, apoptosis and necrosis, could modulate Confluent cultures of cells were in serum-free medium
exposed to low (10 to 40 mJ/cm2) and high (400 mJ/cm2)ganglioside shedding using mesangial cells. The results
showed that shedding of gangliosides from mesangial doses of ultraviolet light to induce apoptosis and necrosis,
respectively. Morphologic examination was performed us-cell membrane markedly increases when these cells die
with apoptosis. Such an increase was not apparent when ing a phase-contrast microscope. Apoptosis was identi-
fied using morphologic criteria, including shrinkage ofthese cells die with necrosis. These results provide the
novel link between mesangial cell apoptosis and in- the cytoplasm, membrane blebbing, and nuclear conden-
sation and/or fragmentation [25]. For fluorescence mi-creased release of gangliosides that potentially suppress
mesangial cell proliferation. This is the first evidence croscopy, cells were double stained with Hoechst 33258
(10 g/mL, Sigma Chemical Co.) and propidium iodideindicating that shedding of ganglioside increases when
cells are undergoing apoptosis. (10 g/mL, Sigma) for 5 minutes. This technique enables
quantification of changes in apoptotic rate and exclusion
of nonapoptotic cell death, primary necrosis. Viable cells
METHODS
exclude propidium iodide (propidium iodide-negative)
Cells and transfectant and the Hoechst-positive nuclei are round without con-
densation. When cells undergo apoptosis, the nuclei be-Rat mesangial cells were grown in culture from iso-
lated glomeruli of an adult male Sprague-Dawley rat. come condensed and/or fragmented, gradually. These are
followed by secondary necrosis (propidium iodide-posi-Mesangial cells were identified by their typical elongated
and stellar morphology, immunostaining for characteris- tive), the final step of apoptosis. When cells die with
primary necrosis, cells become propidium iodide-posi-tic cytoskeletal filament protein [-smooth muscle actin
(-SMA)] [22] and cell-surface antigen (Thy-1) [23]. anti- tive without apoptotic features of the nuclei. When a
substantial number of cells were detaching, detachedbodies used for immunostaining were as follows: mouse
antirat Thy-1.1 monoclonal antibody (1:100 dilution; OX-7, cells and attached cells were evaluated separately and
total percentages of apoptotic cells were calculated.Chemicon, Temecula, CA, USA); mouse anti-–SMA
antibody (1:200 dilution; 1A4, Sigma Chemical Com- Caspase activities were determined by incubation of
cell lysate (containing 25g total proteins) with 50mol/Lpany, St. Louis, MO, USA); and goat antimouse immuno-
globulin (IgG)-fluorescein isothiocyanate (FITC) (1:80 fluorogenic substrates acetyl-Asp-Glu-Val-Asp-amino-
methylcoumarin (Ac-DEVD-AMC; Peptide Institute Inc.,dilution; Santa Cruz Biotechnology, Santa Cruz, CA,
USA). Cells were maintained in 100 mm plate at 37C Osaka, Japan) in cell-free system buffer, comprising 50
mmol/L N-2-hyydroxyethylpiperazine-N-2 ethanesulfonicwith 5% carbon dioxide (CO2) and fed every 48 hours
with Dulbecco’s modified Eagle’s medium (DMEM)/F-12 acid (HEPES)-NaOH, pH 7.5, 10% glyceol, and 2 mmol/L
dithiothreitol. The release of fluorescent aminomethyl-(NIKKEN Bio, Kyoto, Japan) supplemented with 10%
fetal bovine serum (FBS) (Hyclone, Logan, UT, USA), coumarin was measured for 20 minutes by fluorometry
(RF-5300PC, Shimadzu, Kyoto, Japan).100 U/mL penicillin and 100g/mL streptomycin (GIBCO
BRL, Gaithersburg, MD, USA). The Bcl–XL overexpress-
Preparation of conditioned mediuming mesangial cell clone was established as follows. The
coding lesion of human Bcl–XL gene was generated by To prepare the conditioned medium, confluent mesan-
gial cells grown in 100 mm plates were washed threereverse transcription-polymerase chain reaction (RT-
PCR) according to the published sequence [24] and sub- times with serum-free DMEM/F-12 and incubated in
5 mL serum-free DMEM/F-12 at 37C. The conditionedcloned into the pCR3.1 vector (Invitrogen, Carlsbad,
CA, USA). The inserted Bcl–XL fragment was recon- medium was collected at each time point specified, then
passed through a 0.2 m filter (Millipore, Bedford, MA,structed in pLXSN retrovirus vector (Clontech, Palo
Alto, CA, USA) and pLXSN Bcl–XL that expresses USA), before storage at 80C until use. The condi-
tioned medium obtained after 8 hours of culture wasBcl–XL and neo was created. pLXSN Bcl-XL was trans-
fected into the helper-free ecotropic cell line PT67 (Clon- generally used for cross-feeding experiments.
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Fig. 1. Induction of cell death in mesangial cells. (A) Confluent cultures
of mesangial cells were exposed to low (40 mJ/cm2) and high (400 mJ/
cm2) doses of ultraviolet (UV) light to induce apoptosis and necrosis,
respectively. Morphologic examination was performed using a phase-
contrast microscope (upper panel; 200). Cells were double-stained
with Hoechst and propidium iodide for 5 minutes, and analyzed by
fluorescence microscopy (lower panel; 200). (B) Membrane vesicula-
tion and blebbing in mesangial cells exposed to low-dose ultraviolet
light (40 mJ/cm2).
Cell proliferation assay dium or conditioned medium from mesangial cells. After
2 hours incubation, the cells were stimulated by addingA 3H-thymidine incorporation assay was performed
platelet-derived growth factor (PDGF) (10 ng/mL, Sigmato measure the effect of the conditioned medium on
Chemical Co.) and incubated for 20 hours. Subsequently,DNA synthesis of mesangial cells. Mesangial cells were
2 Ci 3H-thymidine was added to each well for 4 hours.seeded at a density of 2  104 cells/well in a 24-well plate
Mesangial cells were washed three times with cold phos-and synchronized in a quiescent state by incubation for
phate-buffered saline (PBS) and then incubated in ice-48 hours with fresh medium containing 0.5% FBS. The
medium was then replaced with either serum-free me- cold 10% trichloroacetic acid for 20 minutes followed
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Fig. 1. (Continued) (C ) Viable cells exclude propidium iodide (PI-negative) and the Hoechst-positive nuclei are round without condensation
[blue (B)]. When cells undergo apoptosis, the nuclei become condensed and/or fragmented gradually [blue-condensed (B–C)]. These are followed
by secondary necrosis (PI-positive), the final step of apoptosis [red-condensed (R-C)]. (D) Caspase activities were determined by incubation of
cell lysate (containing 25 g of total proteins) with 50 mol/L of the fluorogenic substrate, acetyl-Asp-Glu-Val-Asp-aminomethylcoumarin (Ac-
DEVD-AMC), in cell-free system buffer. The release of fluorescent Ac-DEVD-AMC was measured for 20 minutes by fluorometry. Data shown
represent one out of three independent experiments with similar results. Symbols are (), control; (), 40 mJ/cm2; (), 400 mJ/cm2.
by ethyl alcohol for 5 minutes. The cells were solubilized cells were further incubated in serum-free medium and
the conditioned medium was collected at each time pointwith 0.2 mol/L NaOH and incorporated 3H-thymidine
was counted on a liquid scintillation counter. Quadrupli- specified.
cate wells were evaluated for each experiment. Identical
Gangliosides purificationcells incubated with 0.5% FBS without replacement of
the medium were used as quiescent control. Gangliosides were purified according to the method
of Ladish and Gillard [26]. Homogenized cell pellets and
Biochemical analysis of the conditioned medium condition medium were dried by rotary evaporation. A
total lipid fraction was obtained by extracting the startingTwo milliliters of conditioned medium were placed in
micron microconcentrators (Amicon, Inc., Beverly, MA, material twice with chloroform/methanol (1:1) with a
magnetic string for more than 18 hours at 4C. For theUSA) with molecular mass cutoffs of 3 kD. The micro-
concentrator was centrifuged at 7500 rpm for 120 minutes extraction of radiolabeled gangliosides, 10 g unlabeled
bovine brain gangliosides (Sigma Chemical Co.) wasat 4C. The retentate and filtrate were independently
collected and the volume was restored to 2 mL. Both added as cold carrier molecules to optimize the recovery.
Gangliosides were isolated by partitioning the dried totalpreparations were tested for their ability to inhibit mes-
angial cell growth as described above. The fraction of lipid extract in diisopropyl ethel, 1-butanol, and 17
mmol/L aqueous NaCl (6:4:5, by volume). Gangliosidesless than 3 kD was then evaluated for its sensitivity to
neuraminidase (type V, 0.1 U/mL at 37C for 24 hours) in the lower aqueous phase were further purified by
Sephadex G-25 gel filtration (Amersham Pharmacia Bio-(Sigma Chemical Co.).
tech) to remove salts and other low-molecular-weight
Metabolic radiolabeling contaminants. Overall recovery of gangliosides by this
method has been shown to be 90% [26].Rat mesangial cells were seeded at a density of 5 
106 cells/100 mm plates and cultured for 72 hours. To
Gangliosides analysislabel the gangliosides, fresh medium was added contain-
ing D-[1-14C]-glucosamine HCl and D-[1-14C]-galactose High-performance thin-layer chromatography (HPTLC)
analysis of gangliosides was performed, using precoated(Amersham Pharmacia Biotech, Amersham, England)
to a total of 0.2 Ci/mL culture medium and incubated silica gel 60 HPTLC plates (Merck, Darmstadt, Ger-
many), which were preactivated by heating to 100C forfor 24 hours. The plates were washed five times with PBS
and the cells were harvested by trypsinization to be used 60 minutes. The plates were developed in chloroform,
methanol, and 0.25% aqueous CaCl2 H2O (60:40:9, by vol-for the ganglioside purification described below. To obtain
gangliosides shed into culture supernatants, radiolabeled ume) to separate gangliosides. Gangliosides were visual-
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ized by staining with orcinol spray reagent (Sigma Chem- densation (Fig. 1A, left panel). When mesangial cells
were exposed to low-dose ultraviolet light, more thanical Co.). Purified bovine gangliosides (Sigma Chemical
Co.) were spotted as migration standards. The radio- 96% of mesangial cells died within 16 hours with typical
features of apoptosis, including shrinkage of cytoplasm,labeled gangliosides were revealed by exposure of the
HPTLC to x-ray film (Eastman Kodak, Rochester, NY, membrane blebbing, and nuclear condensation (Fig. 1A,
middle panel, and B). Figure 1C shows the time courseUSA) for 14 days at 80C.
of double-stained mesangial cells (with Hoechst and pro-
Western blotting pidium iodide) exposed to low-dose ultraviolet light.
After exposure, the nuclei of mesangial cells started con-Cells were washed with ice-cold Tris-buffered saline
(TBS) buffer (25 mmol/L Tris-HCl, pH 8.0, 120 mmol/L densation and/or fragmentation by 4 hours. These are
followed by secondary necrosis (propidium iodide-posi-NaCl) and lysed in lysis buffer (50 mmol/L Tris-HCl, pH
8.0, 120 mmol/L NaCl, 0.5% Nonidet P-40, 100 mmol/L tive) around 8 hours after stimulation. In striking con-
trast, most of the mesangial cells exposed to high-dosesodium fluoride, 200 mmol/L sodium orthovanadate) con-
taining protease inhibitors (10g/mL aprotinin, 10g/mL ultraviolet light rapidly exhibited positive staining of pro-
pidium iodide without apoptotic features, suggesting thatphenylmethylsulfonyl fluoride, and 10g/mL leupeptin).
An equal amount of protein (25 g) was separated on these cells died with necrosis (Fig. 1A, right panel).
These results were further confirmed by measuringa 7.5% sodium dodecyl sulfate (SDS)-polyacrylamide
gel. Blots were preincubated in TBS buffer containing caspase activation that is specific to apoptosis [27]. As
shown in Figure 1D, caspase activity was markedly in-5% nonfat dry milk and incubated with 1 g/mL primary
antibodies in TBS buffer containing 5% nonfat dry milk. creased when mesangial cells were exposed to low-dose
ultraviolet light, whereas caspase activities remain un-Following washing, blots were incubated with horseradish
peroxidase-conjugated antibodies against mouse or rabbit changed in viable unstimulated mesangial cells and those
exposed to a high-dose ultraviolet light. These resultsIgG (1:1000 dilutions; Amersham Pharmacia Biotech,
Arlington Heights, IL, USA). For visualization, the en- were consistent with the notion that mesangial cells ex-
posed to low-dose ultraviolet light died with apoptosis,hanced chemiluminescence system (Amersham Phar-
macia Biotech) was used according to the manufacturer’s whereas mesangial cells died with necrosis by high-dose
ultraviolet light exposure. Supernatants under these con-protocol. Stripping of membranes was performed at 65C
for 1 hour in 0.2 mol/L glycine, pH 2.5, 0.5 mol/L NaCl, ditions were used for the following experiments as condi-
tional medium from viable, apoptotic, or necrotic mesan-1% SDS, 0.5% Tween 20. Primary antibodies used in
this study were as follows: rabbit anti-Bcl-XL polyclonal gial cells, respectively.
antibody (a kind gift from Craig B. Thomson, University
Enhanced gangliosides shedding by mesangial cellsof Chicago), and mouse antiactin monoclonal antibody
undergoing apoptosis(Clone C4, ICN Pharmaceuticals, Inc., Irvine, CA, USA).
We next examined whether biologically distinct forms
Statistical analysis of cellular fate, apoptosis and necrosis, could show effects
on ganglioside shedding. As shown in Figure 2, substantialEach experiment was performed individually at least
three times. The error bars represent the mean SD of one amount of ganglioside-associated radioactivity was seen
in the conditioned medium of viable unstimulated mes-of these experiments and data shown are representative
ones of a series of experiments. Comparisons were made angial cells. Of note, a nearly twofold increase in the
radioactivity was seen in the conditioned medium whenwith analysis of Student t test. The level of a statistically
significant difference was defined as P  0.05. mesangial cells were undergoing apoptosis, whereas the
increase in the radioactivity was not apparent in condi-
tioned medium from necrotic mesangial cells. These re-
RESULTS
sults suggest that shedding of gangliosides by mesangial
Induction of cell death in mesangial cells cells was significantly enhanced when mesangial cells
died with apoptosis. A significant amount of gangliosideTo test whether distinct forms of cell fate, apoptosis
and necrosis, could affect shedding rate of biologically shedding was observed even at early time points after
low doses of ultraviolet light exposure (2 to 4 hours; dataactive substance gangliosides, we first evaluated suitable
condition for the efficient induction of each type of cell not shown), suggesting the importance of these events
in the early phase of apoptotic cell death.death, apoptosis and necrosis. Confluent cultures of mes-
angial cells were exposed to low (40 mJ/cm2) and high
Characterization of growth suppressor derived fromdoses (400 mJ/cm2) of ultraviolet light to induce apopto-
apoptotic mesangial cells as gangliosidessis and necrosis, respectively. As shown in Figure 1A,
viable mesangial cells were propidium iodide-negative Recently, we identified that gangliosides are the major
growth suppressor in the conditioned medium of mesan-and the Hoechst-stained nuclei were round without con-
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the fraction that weighed more than 3 kD showed no such
effects. In addition, treatment with neuraminidase of the
less than 3 kD fraction completely eliminated its inhibi-
tory activity. These results suggest the inhibitory sub-
stance derived from apoptotic mesangial cells were less
than 3 kD in molecular weight and sensitive to neuramin-
idase digestion. These characteristics were consistent with
those of a monomeric biologically active form of ganglio-
sides [28, 29]. Taken together, these results strongly sug-
gest that increased ganglioside shedding was responsible
for the enhanced growth inhibitory activity in condi-
tioned medium from apoptotic mesangial cells.
Suppression of apoptosis and ganglioside shedding by
overexpression of antiapoptotic Bcl-XL
We next examined whether the enhanced gangliosideFig. 2. Enhanced gangliosides shedding by mesangial cells undergoing
shedding is directly involved in the process of apoptosis.apoptosis. Mesangial cells were metabolically radiolabeled using labeled
sugars and either untreated or treated with low (40 mJ/cm2) and high For this purpose, mesangial cells were stably transfected
(400 mJ/cm2) doses of ultraviolet light, respectively. After 8 hours, with a plasmid that overexpresses antiapoptotic Bcl-XLconditioned medium from each condition of either viable, apoptotic,
gene to inhibit apoptosis. In Western blot analysis of theor necrotic mesangial cells was subjected to the ganglioside purification.
Radiolabeled-isolated gangliosides were then quantitatively analyzed extract from untransfected mesangial cells, the expected
by a liquid scintillation counter as ganglioside-associated radioactivity. 26 kD band was detected (data not shown). In mock
transfectant, Bcl-XL proteins were expressed at similar
level to those in untransfected cells (Fig. 4A, lane 1).
When Bcl-XL was stably overexpressed in mesangialgial cells [21]. Conditioned medium of viable, apoptotic,
or necrotic mesangial cells were therefore evaluated for cells, there was an increase in the intensity of the 26 kD
band (Fig. 4A, lane 2). Western blot analysis showedgrowth-regulatory activity in mesangial cells of separate
culture. Quiescent mesangial cells were exposed to these complete down-regulation of Bcl-XL proteins in mock
transfectant treated with 10 mJ/cm2 ultraviolet lightconditioned media, followed by PDGF (10 ng/mL) stim-
ulation. To avoid effects of secondary necrosis following (Fig. 4A, lane 3). However, in Bcl-XL transfectants, Bcl-
XL protein was still overexpressed, even though the cellsthe apoptotic process, conditioned media were collected
at 8 hours after ultraviolet exposure. As shown in Figure were treated with the same doses of ultraviolet light
(Fig. 4A, lane 4). As expected, the Bcl-XL transfected3A, the DNA synthesis was markedly increased when
the cells were cultured in fresh media. When the cells mesangial cells were resistant to ultraviolet light–induced
apoptosis as compared to that of the mock transfectantwere cultured in conditioned medium of unstimulated
viable mesangial cells, however, the increase in DNA (49% in mock transfectant vs. 27% in Bcl-XL transfec-
tant by 10 mJ/cm2 ultraviolet light, respectively, Fig. 4 Bsynthesis by PDGF was significantly blunted. More strik-
ingly, the PDGF-induced DNA synthesis was almost and C).
Ganglioside shedding was then evaluated in these trans-completely inhibited when mesangial cells were exposed
to conditioned medium of apoptotic mesangial cells, fectants, either in unstimulated or ultraviolet–stimulated
light. The ganglioside-associated radioactivities were notwhereas the inhibitory effect was not apparent when the
cells were exposed to conditioned medium from necrotic statistically different between the mock transfectant and
Bcl-XL transfectant without ultraviolet light exposuremesangial cells.
The inhibitory substance in conditioned medium of (Fig. 4D). When the mock transfectant was exposed to
ultraviolet light (10 mJ/cm2), the ganglioside-associatedapoptotic mesangial cells was next examined for fulfill-
ment of the characteristic criteria of the biologically ac- radioactivity was extremely increased. In contrast, the
increase in ganglioside-associated radioactivity by ultra-tive monomeric form of gangliosides [28, 29]. The condi-
tioned medium from apoptotic mesangial cells of either violet light (10 mJ/cm2) was blunted in the Bcl-XL trans-
fectant as compared to the mock transfectant. These re-more or less than 3 kD were separated by an ultrafiltration
membrane and then each fraction was tested for growth sults showed that the increase in gangliosides shedding was
significantly attenuated when apoptosis was inhibited byinhibitory activity. As shown in Figure 3B, 3[H]-thymi-
dine incorporation assays showed that the growth inhibi- overexpression of antiapoptotic Bcl-XL, even under the
same dosage of ultraviolet light exposure. These resultstory activity obtained from conditioned medium of apo-
ptotic mesangial cells passed through an ultrafiltration strongly suggest that increased rate of ganglioside shed-
ding is directly involved in the process of apoptosis.membrane with a 3 kD molecular weight cutoff, whereas
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Fig. 3. Characterization of growth suppressor derived from apoptotic mesangial cells as gangliosides. (A) The 8 hours of conditioned medium
from each condition of either viable, apoptotic, and necrotic mesangial cells were collected. These conditioned media were subjected to growth-
inhibitory activity in mesangial cells of separate culture using 3H–thymidine incorporation assay as described in the Methods section. The cells
incubated with 0.5% fetal bovine serum (FBS) without replacement of the medium were used as quiescent control. PDGF is platelet-derived
growth factor. (B) The fractions of either more or less than 3 kD in conditioned medium were evaluated for its sensitivity to neuraminidase (0.1
U/mL at 37C for 24 hours). After treatment, each conditioned medium was subjected to a 3[H]–thymidine incorporation assay, as described in
the Methods section. MC is mesangial cell.
Enhanced gangliosides shedding in mesangial cells by pellets and conditioned medium as starting materials.
other inducers of apoptosis Gangliosides were extracted from each cell pellet (8 hours
after ultraviolet light exposure), and analyzed by HPTLC.H2O2 and staurosporin are known inducers of apopto-
As shown in Figure 6A, the HPTLC pattern of cellularsis in mesangial cells [30]. We next examined whether
gangliosides of apoptotic mesangial cells (and necroticthe increase in the ganglioside shedding was also ob-
mesangial cells; data not shown) remained identical toserved when these agents other than ultraviolet light
that of viable, untreated cells.were used as inducers of apoptosis. Mesangial cells were
Shed gangliosides into the media were also analyzedmetabolically radiolabeled using labeled sugars, washed,
for their composition. Mesangial cells were metabolicallyand resuspended in fresh media in the presence or ab-
radiolabeled with labeled sugars, washed and resus-sence of H2O2 (0.5mol/L) and staurosporin (0.1mol/L).
pended in fresh medium. After 8 hours, gangliosidesAbout 30% to 40% of mesangial cells exposed to these
were extracted from the conditioned medium and wereagents exhibited typical features of apoptosis at 16 hours
analyzed by HPTLC autoradiography. Comparison of(Fig. 5A). Conditioned media at 8 hours were collected,
viable and apoptotic mesangial cell gangliosides areand subjected to the extraction for gangliosides. Shed-
shown in Figure 6B. The HPTLC pattern of shed ganglio-ding of gangliosides was then analyzed quantitatively
by liquid scintillation counting. As shown in Figure 5B, sides in conditioned medium by apoptotic mesangial cells
gangliosides–associated radioactivity was significantly in- was almost identical to that of viable cells. Taken to-
creased both by H2O2 and staurosporin (27% and 31% gether, ganglioside composition was not altered during
increase, respectively) as compared with that of unstimu- ultraviolet-induced apoptosis in mesangial cells, either
lated control cells. These results suggest that increased in the cell or in conditioned medium.
shedding of gangliosides in mesangial cells is not specific
for ultraviolet light but induced by other inducers of
DISCUSSIONapoptosis.
In the recovery phase of inflammatory diseases, a num-
Comparison of ganglioside composition between ber of anti-inflammatory molecules are elaborated [31].
viable and apoptotic mesangial cells Gangliosides were identified from conditioned medium
of glomerular mesangial cells as such candidate mole-We next compared the ganglioside composition be-
tween viable and apoptotic mesangial cells, using cell cules with an anti-inflammatory potential [21]. However,
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Fig. 4. Suppression of apoptosis and ganglioside shedding by overexpression of antiapoptotic Bcl-XL gene. (A) Mesangial cells transfected with
a control vector (mock) or a vector that expresses Bcl-XL (Bcl-XL) were either untreated or treated with ultraviolet (UV) light (10 mJ/cm2).
After 8 hours of culture, whole cell extracts were prepared and subjected to Western blot analysis using anti-Bcl-XL polyclonal antibody. (B and
C ) Twelve hours after ultraviolet light (10 mJ/cm2) exposure, cells were double-stained with Hoechst and propidium iodide for 5 minutes. The
number of viable and apoptotic cells were then counted by fluorescence microscopy in randomly selected three fields/well, and the data were
presented as a percentage of cells appearing apoptotic. *P  0.05 vs. mock-transfected. (D) Mesangial cells transfected with control vector (mock)
() or Bcl-XL (Bcl-XL) ( ) were metabolically radiolabeled using lebeled sugars, washed, and resuspended in fresh media, followed by either
untreated or treated with ultraviolet light (10 mJ/cm2). After 8 hours of culture, conditioned media were collected and subjected to the extraction
for gangliosides. Radiolabeled isolated gangliosides were then quantitatively analyzed by liquid scintillation counter as ganglioside-associated
radioactivity. *P  0.05 vs. mock-transfected.
the metabolism of these molecules, especially the mecha- was not apparent when these cells died with necrosis,
another form of cell death. Second, conditioned mediumnism of shedding, has not been fully explored to date,
even in tumor cells by which the ganglioside shedding from apoptotic mesangial cells more substantially inhib-
ited PDGF-induced DNA synthesis in mesangial cells ofhas been extensively discussed [32, 33]. In this report,
we provide evidence that shedding of mesangial cell gan- separate culture, as compared with that from viable or
necrotic mesangial cells. In addition, the growth-inhibi-gliosides increases when these cells died with apoptosis,
a physiologic form of cell death mechanism, which has tory substance in this conditioned medium completely
fulfilled characteristic criteria of gangliosides. Third, thebeen extensively observed in many forms of glomerular
diseases. increase was significantly suppressed when apoptosis
was inhibited by overexpression of antiapoptotic Bcl-XL,We propose that the shedding of gangliosides from
mesangial cells increases when these cells die with apo- even under the same dosage of ultraviolet light exposure.
Fourth, increased ganglioside shedding was also relevantptosis because of the following reasons. First, the increase
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Fig. 5. Enhanced gangliosides shedding in
mesangial cells by other inducers of apoptosis.
(A) Mesangial cells were either untreated or
treated with H2O2 (0.5 mol/L) or stauro-
sporin (0.1mol/L). After 16 hours, these cells
were double-stained with Hoechst and propid-
ium iodide for 5 minutes and were evaluated
by fluorescence microscopy. (B) Mesangial cells
were metabolically radiolabeled using labeled
sugars, washed, and resuspended in fresh media
in the presence or absence of H2O2 (0.5mol/L)
and staurosporin (0.1 mol/L). After 8 hours,
conditioned media were collected and subjected
to the extraction for gangliosides. Radiolabeled
isolated gangliosides were then quantitatively
analyzed by liquid scintillation counter as gan-
glioside-associated radioactivity. *P 0.05 vs.
untreated cells (control).
to other proapoptotic stimuli for these cells (H2O2 and breakdown resulted in an increased efflux of cholesterol,
which conceivably leads to increased fluidity of thestaurosporin). Finally, composition of shed gangliosides
in conditioned medium from apoptotic mesangial cells plasma membrane of apoptotic cells. Such membrane
destabilization may facilitate shedding of membrane-was almost compatible with that of viable mesangial cells.
In addition, we could not detect any differences in gangli- bound molecules such as gangliosides, as observed in
this report. Notably, in our experiments, shedding ofoside shedding between cells treated with low doses of
ultraviolet light in the presence or absence of d-threo- gangliosides, as well as the growth-inhibitory effect of
conditioned medium, was closely correlated with the in-PDMP, a specific inhibitor for ganglioside biosynthesis
(data not shown). These observations suggest that al- duction rate of apoptosis. That was time (0 to 16 hours)
and dose of ultraviolet light (2.5 to 40 mJ/cm2) dependenttered ganglioside metabolism by cytotoxic stimuli might
not contribute to this phenomenon. Furthermore, we (data not shown). Ganglioside shedding from mesangial
cells was significantly reduced when apoptosis was in-found that shedding of gangliosides significantly in-
creased, even in tumor cell lines tested, LAN 5 neuro- hibited by overexpression of the antiapoptotic Bcl-XL
(Fig. 4D). In addition, increased shedding of gangliosidesblastoma and B16 malignant melanoma, when these cells
underwent apoptosis by ultraviolet light exposure (data was also observed when other inducers of apoptosis were
used (Fig. 5). These results suggest that the increase innot shown). These results suggest that increased shed-
ding of gangliosides during apoptosis is not specific for ganglioside shedding could be induced regardless of each
apoptotic signals that are initiated by different stimuli.mesangial cells.
The mechanisms by which gangliosides are shed from Rather, the data indicate that the increase in ganglioside
shedding during apoptosis may be a passive process fol-the plasma membrane are not defined at present. Dy-
namic membrane alterations, such as membrane bleb- lowing structural alteration at the plasma membrane.
The elucidation of the precise natures of these changesbing and vesiculation, occurred in mesangial cells under-
going apoptosis (Fig. 1B). A recent report by Tapper in mesangial cell membranes needs further study.
For the efficient and safe resolution of the injuredet al [34] suggested that sphingomyelin hydrolysis to
ceramide by sphingomyelinase was crucial for these glomerulus, two independent mechanisms, resolution of
cell proliferation (by growth suppressors) and resolutionstructural changes at the plasma membrane during apo-
ptosis. In addition, they observed that sphingomyelin of hypercellularity (by apoptosis) must work coordi-
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tivation and proliferation of mesangial cells are associ-
ated with the altered secretion of extracellular matrices,
both quantitatively and qualitatively [36]. Therefore, fail-
ure of beneficial clearance of these cells by apoptosis
could be a mechanism by which cell populations in the
injured glomerulus remain expanded, leading excessive
matrix deposition and later scarring. In this respect, eval-
uating the effects of gangliosides on the metabolism of
extracellular matrices will help to understand the patho-
physiologic, in vivo, significance of apoptosis in these
cells. We are currently investigating these issues.
In summary, our data strongly suggest that shedding
of growth-suppressive gangliosides from mesangial cells
increases when these cells die with apoptosis. These find-
ings may have an implication for the pathophysiologic
significance of mesangial cell apoptosis in glomerular
diseases.
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